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"»r* .»,,-^f«,^:™,,.,. We approached three of these firms, all located in the Los Angeles, California region to provide us with as much data as they have collected in their reliability programs.
LIST OF ILLUSTRATIONS
Two agreed to supply us with the data in return for being placed on the report distribution list. To date, however, only one of these companies has actually sent its data to us.
The data which have been received represent the testing of 145 resistor networks each containing 7 resistor elements, or more than 1000 individual resistors. Most of these units were tested for periods in excess of 1000 hours so there are roughly 10 resistor-hours represented by the data. There are two important drawbacks to this data, however. First, all of the tests were made in an ambient temperature of 70°C so there is no way to systematically study the effects of temperature;and second, there are differences of orders of magnitude in the dissipated power density among resistors in the same network under test, but no estimate of the temperature rise associated with each level of dissipation nor an indication of its percentage of rated power from which we could estimate the temperature rise. These deficiencies make these data of little value in trying to derive an empirical model, but they will be useful in verifying the model derived from our own experiments and in acting as guidance in these experiments.
The resistor network under study in these tests is Jhown schematically in Figure II -l. There are three 10,000 ohm resistors, three 24,000 ohm resistors, and one 150,000 ohm resistor included in this network. They differ from Till of the resistor strips have identical width (0.004 inch) and so it is the length that is varied to obtain the resistance range.
These networks were deposited by vacuum evaporation of a length of nichrome wire wound upon a resistance-heated tungsten filament. The substrates used were two kinds, soda lime glass and Corning 7059 borosilicate glass. In all but two groups tested, the resistor patterns were formed by photoresist etching of the film after deposition. The interconnecting conductors were deposited onto the nichrome after the etching process had been completed. In the remaining two cases, a metal mask had been used to form the resistor pattern during deposition. Here the interconnecting conductors were deposited before the nichrome film. All but two of the network-sets were finished by coating with a protective material, ranging from silicon monoxide to an epoxy paint.
Two testing procedures were used to generate these data. In all but one of the tests the circuit in Figure II- 
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If oxidation were the primary mechanism causing resistance change in these films, one would see a monotonically increasing function of time versus resistance.
Clearly, however, there is at least one mechanism which brings about a decrease in film resistance and this mechanism is a rather strong function of temperature. One possible mechanism is the relaxation of mechanical stress in the film. The atoms in the film move relative to the substrate, seeking the lowest energy state and reducing the stress caused by the bonding forces between film and substrate. The mobility of these atoms is strongly affected by temperature as it is thermal agitation which is responsible for their motion. It is difficult to explain, however, why the films which show the greatest effect from this mechanism, or mechanisms, are at opposite ends of the power density spectrum. There is the possibility that a systematic error was introduced at the 511 hour point in the test; an error perhaps related to a scale change. Raising these points to lie on a smooth curve connecting the 260 hour point with the 980 hour point would place the data in a more logical relationship. But this is questionable procedure at best, and casts doubt on the other data as well. During the course of the remainder of the program these data will be given statistical analysis in order to eliminate, if possible, any systematic errors.
In Figure We will continue to analyze the data, and any others that we receive prior to the end of the program, in order to extract important trends and to correlate with our O'vr experimental results in the forming of a model. The manufacturer has also indicated that he will supply us with some sample nichrome films with which we can obtain a chemical analysis of typical films produced in his facilities. These films
have not yet been received but we will follow up on them. 
FIG. IT-4 RESISTANCE VS. TIME-DATA FOR "SPECIAL LIFE TEST"
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III. MATHEMATICAL TREATMENT OF MATRIX II DATA
In TDR-1 of this contract, a technique was described to determine whether the IRC data could be regrouped so that cells with r.early similar effective temperature could be combined. This would have enabled us to stratify the data by initial resistance and batch
designations and yet obtain adequate sample sizes for the kind of analysis contemplated. It was found that the regrouping could not be done.
It was obvious, then, that we must use analysis techniques which permit inferences to be drawn about a number of questions as though the entire test was run to answer each question alone. The analysis of factorial designs of experiment is an example. The approach described in references (1, 2 and 3) was suggested, and is briefly described below.
The approach to be used allows us to construct models on all levels from the purely empirical to those based on rigorous derivations from theory. Although the knowledge and techniques presently available are still quite rudimentary, they represent a considerable advance in the state-of-the-art, and are such that revealing information about a physical situation can be obtained with an extremely modest expenditure of effort.
A few of the ideas involved have been used in preliminary analysis of some of the IRC Matrix II data.
Let R be the resistance of a resistor, and suppose that there is an unknown function, h, which gives R as a function of the environmental variables:
where R is the initial resistance, P the power, T the temperature, and t the time of observation measured from the start of the test. Expanding this in Taylor's Series in t about the arbitrary value t, we have
or in more convenient notation, 
where k is a constant. In addition, if one considers R to be also a function of batch, b, then the functional dependence must have the form
This functional dependence is clearly different from that which has heretofore been used by IITRI.
The second important observation thai may be made from the c's is that those c's involving b are not statistically different from zero. That is, the batch to batch variation is not significantly different from the variation between nominally identical specimens.
Finally, then, our functional form must be independent of batch (at least for whatever batch designation meant in the IRC data) and the function g(t) in equation (1) ARrp -resistance change due to absolute temperature, AR. ~ resistance change due to electricity flow, AR -resistance change due to gradient of the potential.
As stated above, our analysis of IRC data indicated that
R(t) is of the form k R Q + h(R , P, T) g(t)
. AR. -R b_1/2 C 9 P 1/2 g(t) . In general, thin films contain a high density of lattice imperfections so that p may dominate and we may neglect p T (this is over simplified, see reference (5), pages 15, 16, and 17) .
In the above expression for p only x will be affected by time and thus
where C is a constant whose value depends on the constituents of the alloy. In the early part of the program we performed a number of depositions designed to determine the range of compositions one could expect to find through the cross section of typical filament evaporated nichrome films.
The range of composition encompassed in these films extended from 50% Ni -50% Cr to 95% Ni -5% Cr, 5 with the layers which had been deposited earliest being the richest in chromium. If this type of composition variation is found in commercial resistors, it is essential to know the dependence on composition of the rates at which the degradation mechanisms operate. For as a mechanism such as oxidation proceeds through the film and encounters these different compositions, its rate will be altered according to this dependence. Thus, any physical modeling effort must take into account these factors.
But in order to systematically study these effects, one must be able to prepare films of alloys of representative compositions which are uniform throughout their thickness. With alloys whose constituents have radically different vapor pressures, this is difficult to accomplish by vacuum evaporation. Cathode sputtering is capable of depositing stoichiometric films but the films will differ in other characteristics from thermally evaporated films.
Uniformity can be closely approximated, however, by flash evaporating fine powders of the subject alloy.
Flash evaporation consists chiefly of the dropping of fine particles onto a filament or crucible which is held at a temperature at which the alloy particle will completely evaporate on contact with the crucible. By controlling the rate at which the particles are allowed to drop onto the crucible, the rate of alloy evaporation and, consequently,the film thickness can be controlled. As of the end of the reporting period, the flash deposition apparatus had been constructed, the alloys were in the preparation stage, and the actual experiment had been designed. Actual film depositions are to begin early in the next reporting period.
The experiment design is a "fixed effects" factorial. This means that the independent variables of the experiment are control ed and are not random variables.
The independent variables and their values are presented in Table IV -1. The experiment will involve a total of 36 resistors. By uniformity is meant the manner in which the composition varies through the cross-section of the film. A "non-uniform" film is one which has been deposited from a wire filament and is subject to the type of variations discussed in reference 1. The "uniform film" will have been flash evaporated and should closely approach homogeneity. The initial resistance, R , of these films will not be a variable; it will remain constant throughout the experiment. The value of R has been selected to be 1000 ohms. Three tube ovens will be used, one each at 100°C, 200°C, and 300°C. Each oven will contain twelve resistors, six of which will be energized with 25 volts d-c, which will 2 cause them to dissipate 25 watts/in , a value close to that encountered in the manufacturers data referred to in the first part of this report. The tubes will be filled to an oxygen partial pressure of 1 Torr, another constant throughout the experiment.
We assume, in these experiments, that third order, and higher, interactions between the experimental variables are negligible. With this assumption there will be sixteen degrees of freedom available at each time of measurement for estimating error. This is an adequate number since we are measuring resistance value, and not time to failure.
In order to investigate the characteristics of the mathematical model for these resistors, the data will be analyzed in the same manner as was the Matrix IT data, as described in Section III. This analysis involved a Taylor's Series expansion and the empirical determination of the partial derivatives involved. It will be recalled that, from this analysis, it was deduced that the Evanohm resistor is described by a relationship of the form: The data from our experiments will be carried a step further. They will be used to estimate the activation energy of the physical processes involved and from these estimates a physical model will be postulated. This physical equation
will be compared to the Taylor Series expansion.
V.
SUMMARY
We have discussed in this report the activities of the IITRI staff involved in the collection and analysis of resistor life test data and experimental investigation of resistor failure mechanisms. Life test data on more than 1000 individual resistors were obtained from a manufacturer of nichrome thin film resistor networks. These data covered more than 1000 hours of testing under various applied power but only one ambient temperature, 70°C. These data will be useful in evaluating a physical model derived from experiment, but cannot be used, as was the Matrix II data, in empirically determining the form of the mathematical expression.
We have worked out a procedure by which data from a statistically designed life test experiment can be programmed Finally, the experimental activities were directed toward performing a statistically designed experiment from which an empirical model could be obtained as well as the rate constants and activation energies of the physical mechanisms operating on *:he resistors. Part of the effort leading up to these experiments was the construction and de-bugging of flash evaporation apparatus to be used for the production of homogeneous nickelchrome alloy films of various compositions. These will be employed in the experiments to determine the dependence on composition of the rate constants of failure mechanisms.
